A facultatively anaerobic bacterium, designated strain COOI3B T (l ATCC BAA 136 T l DSM 13966 T ), was isolated from the waters emitted by a bore well tapping the deep subterranean thermal waters of the Great Artesian Basin of Australia. The cells were straight to slightly curved rods (05-08i2-25 µm) that occurred singly and rarely in pairs or in chains. Strain COOI3B T was motile by peritrichous flagella. It stained Gram-negative, but electron micrographs showed a Gram-positive-type cell wall. Spores were never observed and cells were heat-sensitive. Yeast extract at 002 % (w/v) was required for growth and could also be used as a sole carbon and energy source at concentrations higher than 01 % (w/v). The strain utilized amorphous iron(III), manganese(IV), nitrate, nitrite and fumarate as electron acceptors in the presence of yeast extract, glucose, sucrose, fructose, maltose, xylose, starch, glycerol, ethanol or lactate. Electron acceptors were not obligately required and growth was better in the presence of nitrate than in its absence. Acid was not produced from growth on carbohydrates. Tryptophan deaminase, H 2 S, arginine dihydrolase, lysine decarboxylase, β-galactosidase, arabinosidase, glucuronidase, glucosaminidase, nitroanilidase, xylosidase and ornithine decarboxylase were not produced. Starch and gelatin, but not casein, were hydrolysed. Aesculin and catalase, but not oxidase and urease, were produced. Strain COOI3B
INTRODUCTION
Microbes are known to inhabit shallow and deep subsurface aquifers, soil, rocks and sediments. Although a wide spectrum of physiologically and metabolically diverse groups, ranging from mesophiles and thermophiles to aerobes and anaerobes, have been The GenBank/EMBL/DDBJ accession number for the 16S rDNA sequence of Bacillus subterraneus is AY007244.
isolated from such varied habitats, it is not known whether they are part of an actively growing flora, are transient, having being transported by percolating waters, or were deposited and have survived in the sediments from geological periods. Dissimilatory iron [Fe(III)]-reducing bacteria have important roles in the cycling of metals, particularly iron and manganese, and organic matter in many anaerobic environments (Lovley, 1991 (Lovley, , 1995 Nealson & Saffarini, 1994 S. Kanso, A. C. Greene and B. K. C. Patel teria species, namely Deferribacter thermophilus (Greene et al., 1997) , Thermoanaerobacter spp. (Liu et al., 1997) and Bacillus infernus (Boone et al., 1995) , have been isolated from deep subsurface environments, suggesting that such anaerobic microbes could influence the geochemistry of their surroundings (Chapelle, 1993 ; Fredrickson & Gorby, 1996) . To date, most of the studies on subsurface microbiology have been undertaken with either oilfield samples or soil core samples. We have been studying the free-flowing waters of the world's largest deep subsurface aquifer, the Great Artesian Basin of Australia, the temperature of which ranges from 40 to 95 mC. This multi-layered aquifer covers an area of 1n7 million km# and is up to 2 km deep. Chemically, the water can be carbonate-, sulfate-and\or iron-rich. Previously, we have reported the isolation of a range of taxa of aerobic and anaerobic thermophilic species of the genera Thermus (Denman et al., 1991 ; Byers et al., 1997) , Caloramator , Fervidobacterium (Andrews & Patel, 1996) , Desulfotomaculum (Love et al., 1993) , Thermoanaerobacter (Wynter et al., 1996) and Desulfovibrio (Redburn & Patel, 1994 ) and a great number of micro-organisms of unidentified taxa . In this report, we describe a novel mesophilic, facultatively anaerobic Bacillus species capable of reducing iron and manganese anaerobically.
METHODS
Sample collection. Samples were collected at the mouth of the bore situated in the district of Longreach by completely filling sterile glass containers to the brim and sealing them with air-proof enclosures. The waters emitted had a temperature of 71 mC and a pH of 7n8.
Culture media, enrichment and isolation. Metal-reduction (MR) medium was prepared anaerobically according to the method of Greene et al. (1997) , with modifications as described below. The medium consisted of (l − "):
.2H # O, 20 g NaCl, 2 g yeast extract, 10 ml vitamin solution and 1 ml trace-element solution (Patel et al., 1985a) . The medium was boiled and then cooled under a stream of oxygen-free N # gas to about 50 mC; 3n6 g NaHCO $ was added and the pH adjusted to 7n1. Unless otherwise indicated, 10 ml aliquots were dispensed under N # into Hungate tubes (Patel et al., 1985b) . The N # gas phase was subsequently replaced with N # \CO # (80 : 20) and the medium was autoclaved at 121 mC for 15 min.
For enrichment, 1 ml of the water sample was injected into 10 ml MR medium amended with 0n016 g iron oxide and then incubated at 40 mC for 1 week. The enrichment culture that developed was found to reduce Fe(III), and was subcultured and tested for its ability to grow in MR medium supplemented with nitrate (20 mM) as an alternative electron acceptor [instead of Fe(III) ]. Pure cultures were obtained by serially diluting nitrate-subcultured enrichments in MR medium containing nitrate (20 mM) and solidified with 2 % agar. Well-isolated single colonies that developed after incubation for 1 week at 40 mC were selected and subcultured in nitrate-containing MR medium and the procedure was repeated twice to ensure purity. The pure culture was also tested for the ability to reduce Fe(III).
Growth studies. Unless indicated otherwise, incubations were conducted for up to 48 h at 40 mC. Different concentrations of yeast extract (0n002-1 %, w\v) were initially tested in MR medium containing 20 mM sodium nitrate in order to determine the smallest amount of yeast extract required for growth. This was determined to be 0n02 % (w\v) and hence was used in all growth experiments. For substrateutilization studies, MMR was used ; MMR medium was prepared as described but was supplemented with sodium nitrate (20 mM) and amended with 0n02 % (w\v) yeast extract instead of 0n2% (w\v) yeast extract. Glucose, sucrose, fructose, maltose, xylose, starch, glycerol, lactate, acetate, cellobiose, butyrate and succinate were injected separately into MMR medium from sterile stock solutions to give a final concentration of 20 mM, ethanol at a final concentration of 10 mM and starch at 0n5% (w\v). Growth was regarded as positive when the turbidity was observed to be greater than that in the MMR control tubes containing sodium nitrate but lacking any substrates. The ability of strain COOI3B T to grow without added electron acceptors was also tested using the same substrate range as above in MMR medium without sodium nitrate. In this case, growth was regarded as positive if the turbidity was greater than that in the sodium nitrate-free MMR medium control tubes. The ability of strain COOI3B T to hydrolyse casein was tested on nutrient agar supplemented with 1 % skim milk.
API 20E (bioMe! rieux) and BBL Crystal E\NF (Becton Dickinson) identification kits were used, according to the manufacturers ' recommended protocols, to determine acid production from sugar, enzymic hydrolysis and the utilization of various substrates. Catalase activity was determined on freshly grown colonies by using a 3 % hydrogen peroxide solution. Hydrolysis of starch and casein and determination of oxidative or fermentative catabolism were carried out according to methods described by Smibert & Krieg (1994) .
Alternative electron acceptors were tested in modified MMR medium. Modified MMR medium contained fumarate, nitrite, thiosulfate, glycine or sulfite at a final concentration of 20 mM or Fe(III) or Mn(IV) at a final concentration of 15 mM, instead of 20 mM sodium nitrate. Growth was recorded as positive if the culture turbidity was greater than that in the control MMR medium (which lacked an electron acceptor).
To test for growth at different pH values, MR medium supplemented with 20 mM glucose was adjusted to the desired pH range (between pH 5 and 10) by injecting appropriate amounts of 10 % (w\v) NaHCO $ , 10% (w\v) Na
The temperature range for growth was tested in MR medium supplemented with 20 mM glucose at 25-60 mC.
To test for NaCl tolerance, different quantities of NaCl were weighed directly into Hungate tubes prior to the dispensing of 10 ml MMR medium supplemented with 20 mM glucose so as to give a final concentration between 0 and 10 % NaCl. Vancomycin, penicillin, chloramphenicol, tetracycline, neomycin, streptomycin or spectomycin was dispensed into the same medium from a filter-sterilized stock solution to give a final concentration of up to 100 µg ml − ".
The ability of strain COOI3B T to grow aerobically was tested in aerobically prepared MR medium supplemented with 20 mM glucose.
Analytical methods. Growth was measured as OD '!! by inserting the Hungate tubes into a NovaSpec spectrophoto-meter (LKB). Amorphous Fe(III) oxyhydroxide and amorphous manganese dioxide were synthesized according to the method of Lovley & Phillips (1988) . Fe(III) and MnO # reduction was determined as described by Greene et al. (1997) . Light microscopy and electron microscopy were performed as previously described (Love et al., 1993) .
Sporulation and heat-resistance tests. Cultures in different physiological states (e.g. relating to temperature, pH, substrates and incubation length) were examined extensively microscopically for the presence of spores with and without spore staining (Shaeffer & Fulton, 1933) . Heat-resistance was determined by inoculating 0n1 ml cultures into MR medium from 8-and 16-h-old cultures that had been treated at three different temperatures (80 mC for 20 min, 90 mC for 10 min and 100 mC for 10 min) and observing them for growth for up to 48 h at 40 mC.
Determination of GjC content and phylogeny. Genomic DNA was prepared using method of Marmur (1961) with some modifications, as described previously (Love et al., 1993) . The T m of the DNA was determined in 0n1iSSC, using Escherichia coli as the reference DNA, in a Cintra spectrophotometer (GBC). The methods used for 16S rRNA gene amplification and sequencing have been reported previously (Andrews & Patel, 1996) . Sequences generated during this work were assembled into one complete sequence using  (Hall, 1999) and a suite of programs described previously (Andrews & Patel, 1996) . The consensus sequence was corrected manually for errors and the most homologous sequences was determined against the GenBank database using  (Altschul et al., 1997) ; those that matched the Ribosomal Database Project were extracted and aligned manually. Sequence uncertainties were omitted from the analysis and the phylogeny was determined as described previously (Andrews & Patel, 1996) .
RESULTS

Enrichment and isolation
A positive enrichment culture, in which the fine, brownish, amorphous Fe(III) powder had turned black, developed at 40 mC after 6 days incubation. Motile and slightly curved rod-shaped cells were observed in the enrichment culture. A pure culture was obtained from this positive enrichment by using the end-point agar-shake dilution method and was designated strain COOI3B T .
Colony and cell morphology
Strain COOI3B T grew well on nutrient agar and on tryptic soy agar plates but did not grow on MacConkey's agar or on nutrient agar plates supplemented with 0n5 % skim milk. White, translucent, convex colonies, 0n5-1n2 mm in diameter, with irregular and undulating edges, developed on nutrient agar, whereas rhizoidal, dark yellow to orange mucoid colonies developed on tryptic soy agar plates after 2 days incubation at 40 mC.
Cells of strain COOI3B
T from MR medium were straight to slightly curved rods (2-25i0n5-0n7 µm), the majority of the population being 2-8 µm long ( Fig. 1a) . The cells occurred mostly singly, but paired cells and chains of cells were also observed. Strain COOI3B T was motile with peritrichous flagella. The cells stained Gram-negative in all phases of growth, but electron micrographs of thin sections showed a cell wall reminiscent of that of Gram-positive bacteria (Fig. 1b) . Spores were not observed at any stage of growth under different conditions. The cells were also sensitive to heat treatment. When exposed to 80 mC for 20 min, cultures of various ages were killed, supporting the conclusion that the cells are non-sporulating.
Growth characteristics
Strain COOI3B T grew optimally at temperatures between 37 and 40 mC (the temperature growth range being between 25 and 45 mC), at pH values between 7 and 9 (the pH growth range being 6n5-9) and at an NaCl concentration of 5 % (w\v) (the growth range being between 0 and 9 %), but not at 10 % NaCl (w\v).
Strain COOI3B T was found to be a facultative anaerobe. It grew anaerobically on yeast extract, glucose, sucrose, fructose, maltose, xylose, starch, glycerol, ethanol and lactate but not on acetate, cellobiose, butyrate or succinate with or without nitrate as an S. Kanso, A. C. Greene and B. K. C. Patel
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Fig. 2. Unrooted dendrogram depicting the position of B. subterraneus strain COOI3B
T within the radiation of its close relatives of the genus Bacillus. Culture collection numbers and the 16S rRNA gene sequence GenBank/EMBL accession numbers are shown. The phylogenetic analysis was performed on 1234 unambiguous nucleotides by using DNADIST and neighbour-joining programs, which form part of the PHYLIP suite of software. Bar, 2 nucleotide changes per 100 nucleotides. electron acceptor. Growth was much better in the presence of nitrate than in its absence. Fe(III), Mn(IV), fumarate and nitrite also served as electron acceptors, unlike thiosulfate, glycine and sulfite. During anaerobic growth, iron was reduced, with a concomitant increase in growth.
Tryptophan deaminase, H # S, arginine dihydrolase, lysine decarboxylase, β-galactosidase, arabinosidase, glucuronidase, glucosaminidase, nitroanilidase, xylosidase and ornithine decarboxylase were not produced, but glucosidase was detected. Starch and gelatin were hydrolysed, but casein was not. Aesculin and catalase, but not oxidase and urease, were produced. Acid was not detected from arabinose, mannose, sucrose, melibiose, rhamnose, sorbitol, mannitol, adonitol, galactose or inositol.
Growth was inhibited completely by spectinomycin and streptomycin (each at 50 µg ml −" ) and by penicillin, vancomycin, ampicillin, chloramphenicol, tetracycline and neomycin (each at 10 µg ml −" ).
Phylogeny
For strain COOI3B T , 1493 nucleotides of the 16S rRNA gene between positions 15 and 1542 (numbering according to Winker & Woese, 1991) were determined. Phylogenetic analysis revealed that strain COOI3B T was a member of the family Bacillaceae, the closest taxonomically valid relatives being B. infernus (Boone et al., 1995) and Bacillus firmus (Claus & Berkeley, 1986 ) (with a mean similarity value of 96 %) (Fig. 2) .
DISCUSSION
Several studies of deep subsurface environments have been undertaken in which a wide range of physiological groups of microbes, including dissimilatory iron [Fe(III)]-reducing bacteria, have been isolated. The isolation of strain COOI3B T from the waters emitted from the deep subsurface aquifer known as the Great Artesian Basin of Australia extends the known habitats of dissimilatory iron [Fe(III)]-reducing bacteria. The Great Artesian Basin is unique in that it is a multilayered thermal aquifer with a chemical composition that can vary depending on the underlying geological structure. Although strain COOI3B T is a mesophilic, rod-shaped, non-spore-forming bacterium and was isolated from a habitat at 70 mC, its presence there is not surprising because the Great Artesian Basin environment is regarded as very heterogeneous, where underground stream-like flowing waters exist. It is possible that there are cold spots within the environment where such microbes thrive and are being transported to the surface. It is likely that microbes such as strain COOI3B T contribute to the biogeochemical cycling in the Great Artesian Basin environment. The presence of iron and manganese in subsurface environments indicates that there may be a widespread distribution of iron-and manganesereducing bacteria in both shallow and deep subsurface environments. Strain COOI3B T was capable of growth on a range of carbon compounds with or without electron acceptors. This is not uncommon among numerous iron-and manganese-reducing bacteria capable of using both fermentative and respiratory mechanisms for growth. Increasingly, iron reduction is being recognized as a common trait among a wide and diverse range of prokaryotes. Phylogenetically diverse mesophilic and thermophilic members of the Bacteria, and even hyperthermophilic members of the Archaea, are able to reduce iron (Vargas et al., 1998 ; Slobodkin et al., 1999) . Strain COOI3B T is a phylogenetic member of the family Bacillaceae, B. firmus and B. infernus being its closest relatives. Phenotypically, both strain COOI3B T and B. firmus (Table 1) are motile by peritrichous flagella and have a similar GjC content in their DNA (43 and 41 mol %, respectively), but B. firmus is a strictly aerobic spore-former and does not reduce iron or manganese (Claus & Berkeley, 1986) . Both strain COOI3B T and B. infernus reduce iron and manganese and do not form spores (Table 1) . However, the former is a facultative anaerobe that grows optimally between 37 and 40 mC, is motile by peritrichous flagella and is heat-sensitive, thereby differentiating it from the latter, which is a strict anaerobe that grows optimally at 60 mC, is non-motile and is heatresistant. These phenotypic differences (Table 1) , as well as the large distance separating strain COO3B T and B. firmus and B. infernus (greater than 97 %), suggests that strain COO3B T is a distinct species. On the basis of these traits, we assign strain COOI3B T to the genus Bacillus as the novel species Bacillus subterraneus sp. nov. 
* NaCl concentrations above 7 % not tested.
Description of Bacillus subterraneus sp. nov.
Bacillus subterraneus (sub.ter.rahne.us. L. adj. subterraneus underground, subterranean, referring to the isolation source).
Non-spore-forming, facultatively anaerobic, slightly curved, rod-shaped bacterium (0n5-0n8i2-25 µm) that stains Gram-negative but has a Gram-positive-type cell wall. After 2 days incubation at 40 mC on nutrient agar plates, colonies are 0n5-1n2 mm in diameter, translucent and convex with irregular and undulating edges, whereas, on tryptic soy agar plates, colonies are rhizoidal, dark yellow to orange and mucoid. Motile by means of peritrichous flagella. Utilizes amorphous iron(III), manganese(IV), nitrate, nitrite and fumarate as electron acceptors in the presence of yeast extract, glucose, sucrose, fructose, maltose, xylose, starch, glycerol, ethanol or lactate. Electron acceptors are not obligately required for growth, and growth is better in the presence of nitrate. Yeast extract at 0n02 % (w\v) is required for growth and is used as a sole carbon and energy source at concentrations higher than 0n1%. Tryptophan deaminase, H # S, arginine dihydrolase, lysine decarboxylase, β-galactosidase, arabinosidase, glucuronidase, glucosaminidase, nitroanilidase, xylosidase and ornithine decarboxylase are not produced but glucosidase is present. Starch and gelatin are hydrolysed but casein is not. Aesculin and catalase, but not oxidase and urease, are produced. Acid is not detected from arabinose, mannose, sucrose, melibiose, rhamnose, sorbitol, mannitol, adonitol, galactose or inositol. Cells grow optimally at 37-40 mC at pH 7n0-9n0 with 5 % (w\v) NaCl. The GjC content of the DNA is 43p1 mol %. A member of the family Bacillaceae, B. infernus and B. firmus being the closest phylogenetic neighbours. The habitat is the deep subterranean thermal waters of the Great Artesian Basin of Australia. The type strain is COOI3B T (l ATCC BAA 136 T l DSM 13966 T ).
